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Nb and NbN cluster-assembled films were produced by a plasma–gas–condensation cluster
deposition apparatus and examined by transmission electron microscopy, electrical resistivity, and
ultraviolet photoemission spectroscopy. The electron diffraction patterns of the Nb and NbN clusters
displayed body-centered-cubic and NaCl-type diffraction rings, respectively. The electrical sheet
resistance, Rh , of both Nb and NbN cluster-assembled films, however, showed no
superconductivity down to 2 K. We found a linear relation in the logRh versusT
21/4 plot for the
Nb cluster assembly, suggesting an electron localization effect. For the NbN cluster-assembly, on the
other hand,Rh showed a semiconductor type temperature dependence, which is consistent with the


























































Small particle and/or cluster assemblies are promisin
obtain nanoscale structure controlled materials, which rev
unique physical and chemical properties owed to their l
dimensionality.1–6 In order to obtain size-selected clusters
building blocks, we have constructed a plasma–ga
condensation~PGC!-type cluster deposition apparatus,6–9
which is a combination of sputter vaporization and inert ga
condensation techniques, and is applicable to vaporizing
fractory metals. The clusters formed in a source region
extracted through a nozzle into a better vacuum chambe
order to prevent further cluster growth and minimize th
oxidation. Hence, we have obtained clusters, whose m
sizes are controllable between 3 and 13 nm in diameter.
Superconductivity in the nanometer-sized clusters
been actively discussed in terms of their finite size and s
face effects.10–12The superconducting transition temperatu
Tc of the clusters as a function of their sized has been
studied both theoretically and experimentally. For wea
coupling superconductors,Tc is an increasing function of 1/d
as investigated in Al and In cluster assembles, whereas,
in dependent ofd in strong-coupling Pb clusters down to
leastd55 nm.11 Phonon softening near the surface well e
plains the size dependence ofTc in weak- and intermediate
coupling systems but does not in the strong-coupled
clusters.10
The surface of nanometric clusters used to be struc
ally disordered and oppositely contributes to the transp
property:13–15 In heterogeneous superconducting films
electron localization effect induces a metal–insulator tran
tion. The aim of this work is to comprehend the surfa
effect in small superconducting clusters. In this context,
have prepared Nb and NbN cluster-assembled films by
other PGC-type cluster deposition apparatus in which c
ters can be deposited on substrates under an ultrah
a!Electronic mail: hihara@mse.nitech.ac.jp7590021-8979/2003/94(12)/7594/4/$20.00
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vacuum condition.16 In this article we describe the structur
and electronic properties of the Nb and NbN clust
assembled films fabricated with this apparatus.
II. EXPERIMENT
Nb clusters were synthesized by a PGC appara
whose details have been described elsewhere.16 A continuous
Ar gas stream was injected through the 0.3 mm gap betw
the shield cover and the target in order to avoid the accu
lation of formed particles that cause the abnormal discha
and the short circuit during the glow discharge operati
The metal vapors were generated from a Nb target by
magnetron sputtering. Clusters nucleate in a high-pressur
gas atmosphere~0.2–0.7 kPa! and grow in the space betwee
the target and the nozzle~the growth region!, whose length,
Lg can be varied by moving the sputtering source back
forth. He gas was also introduced into the sputtering cha
ber from the back side of the source. The cluster beam
extracted through the nozzle of 5 mm in diameter by diff
ential pumping and further collimated by the three skimme
For transmission electron microscope~TEM! observation, a
microgrid, which is a carbon-coated colodion film support
by a Cu grid, was used as a substrate. The samples
exposed in air for transportation and observed with a c
cathode-field emission-type transmission electron mic
scope, operating at 200 kV. The TEM images were taken
digitized data with a slow-scan charge coupled device ca
era installed in the electron microscope. Using the conv
tional four-probe method, the sheet resistance was meas
at a constant current between 2 and 300 K. Forin situ char-
acterization of those cluster-assembled films, an ultravio
photoemission spectrometer was connected to the clu
deposition apparatus. For this purpose, we constructed
other cluster deposition chamber whose vacuum conditio
about 10210Torr. The measurements were carried out at
K with a He gas–discharge lamp producing photons of 2
eV ~He I!.4 © 2003 American Institute of Physics
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 [This aIII. RESULTS
A. Nb cluster assembly
Figure 1~a! shows a typical bright-field~BF! TEM image
of the Nb clusters prepared under the following conditio
Pw5300 W, Lg5120 mm, VAr52.3310
24 @300 standard
cubic centimeter per minute~sccm!#, and VHe54.5
31024 mol/s (600 sccm). Here,Pw is the sputtering powe
andVAr andVHe are the gas flow rates of Ar and He, respe
tively. The size distribution histogram estimated from t
deposited area of 0.036mm2 ranges from 4 to 9 nm for the
Nb clusters with the mean size of 6.3 nm as shown in
inset of Fig. 1~a!. The corresponding electron diffractio
~ED! pattern is shown in Fig. 1~b!. The ED pattern of these
Nb clusters displays one set of diffraction rings being
cribed to a body-centered-cubic~bcc! structure with the lat-
tice parameter of 0.33060.005 nm. This is consistent wit
the reported value of 0.3307 nm of the bulk specim
whereas we could not detect any diffraction spots co
sponding to the niobium oxide.
Figure 2~a! shows the electrical sheet resistanceRh(T)
as a function of temperatureT for the Nb cluster-assemble
film. Although the superconducting transition temperature
the bulk Nb specimen is 9.5 K, the temperature depende
of Rh reveals no superconducting transition between 2
300 K but a semiconductorlike behavior:Rh(T) increases
gradually asT decreases and it shows an abrupt incre
below 30 K.
For magnetic measurement, Nb clusters were depos
on a Si wafer with Au buffer and cover layers in order
minimize their oxidation. We measured magnetic suscepti
ity using a superconducting quantum interference dev
magnetometer down to 1.8 K, and could not detect a Me
ner effect. The possible explanation for this result is that
cluster size is smaller than the penetration depth of an
plied magnetic field~10 Oe! or the Nb cluster-assembled film
exhibits no superconductivity within the measured tempe
ture range.
In strongly disordered films, the electrical conduction
dominated by the electron hopping between localized si
and the temperature dependence of the resistivityr(T) is
described asr5r0 exp@2(T/T0)
a#, wherer0 , T0 , anda are
FIG. 1. ~a! A BF-TEM image and~b! the ED pattern of the Nb cluster
obtained withPW5300 W, Lg5120 mm, VAr52.3310
24, and VHe54.5
31024 mol/s.rticle is copyrighted as indicated in the article. Reuse of AIP content is sub


















constants which depend on the degree of disorder, inte
tions, and dimensionality of the system.12,13 It has been re-
ported thata varies from 1 for the simply activated hoppin
across a constant barrier~Arrhenius type!, 0.75 for collective
variable range hopping, 0.5 for hopping dominated by C
lomb interaction, and 1/(D11) for Mott variable range hop-
ping, whereD is the dimension of system.14 It is also notable
that in the weak localization regime the conductivitys(T)
shows a logarithmic temperature dependence,s5s0
1(e2p/2\p2)ln(T0 /T), wherep is a coefficient determined
by the electron scattering mechanism.13 As shown in Fig.
2~b!, we find a linear relation in the logRh on T
1/4 plot
between 2 and 30 K for the present Nb cluster-assemb
film.
B. NbN cluster assembly
Niobium nitride is a refractory material with a bulk su
perconducting transition temperature of about 16 K.17 Thin
films of NbN, typically deposited by reactive sputterin
methods in an argon/nitrogen plasma, are also studied
applications. Figures 3~a! and 3~b! show a typical BF-TEM
image of the NbN clusters obtained at N2 gas flow rates,
VN251.5310
26 mol/s (2.0 sccm) and the corresponding E
pattern, respectively. The experimental conditions were
follows: Lg5120 mm, VAr52.3310
24 mol/s (300 sccm),
VHe54.5310
24 mol/s (600 sccm), andPw5300 W. At VN2
51.531026 mol/s, we obtained almost spherical cluste
whose sizes are distributed between 5 and 10 nm in diam
with the mean size of 7.6 nm. The ED pattern of these N
cluster-assembly displays one set of diffraction rings be
ascribed to a NaCl-type structure with the lattice parame
of 0.44060.005 nm. This is consistent with the reporte
value ofd-NbN ~0.4389 nm! with a B1~NaCl-type! structure.
FIG. 2. ~a! Temperature dependence of the electrical resistanceRh(T) and
~b! the logarithmic resistance, logRh(T), as a functionT
21/4 for Nb cluster-
assembled film.ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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 [This aFigure 4~a! showsRh as a function ofT for the NbN
cluster-assembled film. The temperature dependence ofRh
also reveals no superconducting transition down to 2
Rh(T) increases gradually asT decreases and it also shows
dramatical increase below 30 K. We obtained no linear
pendence in the logRh versusT
2a plot with a,1. As shown
in Fig. 4~b!, we replottedRh(T) in a form of logRh versus
1/T and obtained a good linear relationship at low tempe
tures. The estimated activation energy from Fig. 4~b! is about
45 meV forT,30 K.
Figure 5 shows the valence electron spectra of
present Nb and NbN cluster-assembled films. As shown h
the photoemission intensity from the Nb clusters shar
drops at zero-binding energy, indicating that the Nb clus
assembly has a metallic band structure. For the NbN clus
FIG. 3. ~a! A BF-TEM image and~b! the ED pattern of the NbN cluster




FIG. 4. ~a! Temperature dependence of the electrical resistanceRh(T) and
~b! the logarithmic resistance, logRh(T), as a functionT
21 for NbN cluster-
assembled film.rticle is copyrighted as indicated in the article. Reuse of AIP content is sub








on the other hand, the marked reduction in the density
states at the Fermi level indicates that the valence-band e
is shifted to a lower binding energy.
IV. DISCUSSION
We have observed that the Nb cluster-assembled
deposited in an ultrahigh-vacuum cluster deposition app
tus has a bcc structure with the same lattice constant as
bulk counterpart, and a metallic valence-band structure
does not show a superconducting behavior down to 2 K. T
ED pattern of the Nb clusters indicates no diffraction sp
corresponding to niobium oxides. However, those results
not exclude the surface oxidization that cannot be detec
by the electron diffraction technique.
In homogeneous superconducting films, the resistivit
are smoothly turned to the superconducting states and
transition temperatures are decreased from the bulk valu
decreasing the film thickness.14,15 At the insulator–
superconductor transition, the localization length of electro
and the superconducting coherent length become com
rable. When the film is thinner, the Cooper pairs are fina
destroyed due to the disorder and/or the low dimensiona
and then hopping conduction and/or percolation domin
the electron transport properties. In heterogeneous super
ducting films, on the other hand, the individual grains b
come superconducting below the bulk transition temperat
where the Josephson coupling energyEJ and charging en-
ergyEc compete with each other. There are no free electr
in these systems because of Cooper pairing, and the con
tion is attributed to the tunneling of Cooper pairs betwe
superconducting grains. SinceEc.EJ for the system with
large intergrain capacitance, the tunneling conduction is p
vented, leading to the localization of Cooper pairs.
For our Nb cluster-assembled film, it is still open
question whether Cooper pairs disappear and the Ferm
localization effect appears, or the boson state is still kep
the individual Nb clusters and the transportation is dom
nated by Cooper pairs hopping. As shown in Fig. 2~b!, the
Mott variable range hopping in a three-dimensional system
a good representation for the electron transportation. T
result indicates that the localization length related to the e
FIG. 5. Photoemission spectra near Fermi level obtained with He I exc
tion for Nb and NbN cluster-assembled films.ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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and/or shorter than the superconducting coherence len
For the NbN cluster-assembled film, on the other hand,Rh
shows a semiconductor-type temperature dependence, w
is consistent with the valence electron spectrum of the N
cluster assembly. This behavior may reflect the off stoic
ometry of NbN and/or enhancement of disordered interfa
between the NbN clusters.
V. CONCLUSION
Nb and NbN cluster-assembled films were prepared b
PGC cluster deposition apparatus and examined by trans
sion electron microscopy, electrical resistivity, and ultravio
photoemission spectroscopy. The electrical resistivity of b
Nb and NbN cluster assemblies show no superconducti
down to 2 K against their bulk specimens. We found a line
dependence of logRh versusT
1/4 in the Nb cluster assembly
suggesting that Mott variable range hopping is dominant.
the NbN cluster-assembled film, on the other hand,Rh
shows a semiconductor-type temperature dependence, w
is consistent with the valence electron spectra of NbN clu
assembly. In order to understand the detailed electron tr
portation in the superconductor cluster-assembled syste
we are now carrying out the conductivity measurements w
different cluster sizes. These results will be publish
elsewhere.
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